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ABSTRACT

Nanopores are under development for the detection of a variety of analytes and the investigation of chemical reactions at the single molecule
level. In particular, the analysis of nucleic acid molecules is under intense investigation, including the development of systems for rapid,
low-cost DNA sequencing. Here, we show that DNA can be translocated through an engineered rHL protein pore at pH 11.7, a value at which
dsDNA is denatured. Therefore, the rHL pore is sufficiently stable to entertain the possibility of direct nanopore sequencing of genomic
dsDNA samples, which are more readily obtained and handled than ssDNA.

Nanometer-sized pores have been used for molecular detec-
tion1 and to investigate chemical reactions2 at the single-
molecule level, based on the observation that small changes
in the current carried by ions through a nanopore reflect
binding events or bond making and breaking. The analysis
of nucleic acids has attracted attention following the finding
that single-stranded DNA (ssDNA), but not double-stranded
DNA (dsDNA), can be driven through the R-hemolysin
(RHL) protein pore under an electrical potential.3 This work
suggested the possibility of sequencing ssDNA as it is
translocated;3 the ionic current would be modulated to a
different extent by each base as it passed a recognition site
within the lumen of the pore.4,5

Several recent studies have suggested that it may be
possible to distinguish DNA bases in this way. Notably,
Stoddart and co-workers showed that when ssDNA is
immobilized within the RHL pore, individual bases can be
distinguished at specific sites within a DNA strand.6 There-
fore, if DNA strands could be fed through RHL pores in a
highly parallel format4,5 at a slow enough rate for base
identification,4,5 a viable means for rapid DNA sequencing
would be achieved. Because the approach is reagent-free and
requires no DNA amplification, the use of nanopores would
dramatically reduce the cost of sequencing.4,5

Recent advances in fabrication technology have provided
improved means to produce solid-state pores with diameters
of a few nanometers.7,8 The dimensions of these pores can

be tuned and they can be employed under a wide range of
conditions in a variety of solvents.9,10 The stability of
nanopores in extreme environments is desirable for DNA
analysis, including sequencing, because high temperatures,
high pH and denaturants can be used to convert dsDNA to
ssDNA, and to maintain ssDNA in a fully denatured form.
However, synthetic pores have several drawbacks. For
example, they display a large variability in conductance and
exhibit significant current noise11-13 compared to the RHL
pore.

Protein pores, such as the RHL pore, can be made
reproducibly and modified by site-directed mutagenesis with
atomic precision. Instability under extreme conditions is seen
as a weakness of protein nanopores.8,9 But, we have already
shown that the RHL pore is stable at temperatures close to
100 °C.14 In the present work, we address the stability of
the RHL pore under alkaline conditions. We show that DNA
can be translocated through an engineered RHL pore at pH
11.7, a pH value at which genomic DNA is converted to the
single-stranded form,15-17 because of ionization of G and T
bases.18 Since nanopore DNA sequencing may require
denaturing conditions for dsDNA on at least one side of the
bilayer, this finding might be of practical value. High pH
conditions might also be useful for other aspects of nanopore
detection, including stochastic sensing,1 and in the investiga-
tion of single-molecule covalent chemistry.2

Results and Discussion. rHL Nanopores at High pH.
RHL forms heptameric pores that consist of a barrel (or stem)
domain and a cap domain (Figure 1a). The barrel forms a
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roughly cylindrical water-filled channel spanning the lipid
bilayer with an internal diameter of ∼2 nm and a length of
∼5 nm. The internal vestibule within the cap is roughly
spherical with a diameter of ∼4.5 nm (Figure 1a). The lumen
of the wild-type (WT)-RHL pore contains seven negatively
charged residues (Asp-2, Asp-4, Asp-13, Glu-108, Glu-111,
Asp-127 and Asp-227) and seven positively charged residues
(Lys-8, Arg-56, Arg-104, Lys-110, Lys-131, Lys-147 and
Lys-154) per protomer. Consequently, to a first approxima-
tion, the interior of the pore carries no overall charge at
physiological pH (Figure 1a), while at alkaline pH (pH
>10.5), the lysine residues are deprotonated, and the interior
is negatively charged, assuming that the pKa values of the
amino acids in the lumen of the pore are not shifted from
their expected values (Figure 1a).

Once inserted into a 1,2-diphytanoyl-sn-glycero-3-phos-
phocholine (DPhPC) lipid bilayer, we found the RHL pore
to be stable at alkaline pH values. The pore showed a stable
unitary open-pore conductance at all pH values tested up to
pH ∼13. However, the value of the unitary conductance

changed with the pH. At negative applied potentials, the
conductance of the pore increased with the pH. At positive
applied potentials, the conductance first decreased and then
increased as the pH was increased (Figure S1, Supporting
Information). The rectification ratio for a single pore,
expressed as the current at +100 mV divided by the current
at -100 mV, was therefore also pH dependent (Figure 1b).
The data were fitted with a sigmoidal function with a
midpoint at pH 10.7 ( 0.1.

While the pore remained open at alkaline pH values, the
rate of insertion of preformed RHL heptamers into the lipid
bilayer decreased dramatically when the pH was higher than
11.0, and no insertion at all was observed when the pH was
higher than 11.7 (Figure 1b).

Structural Studies. To investigate the effect of alkaline
pH on the structure of RHL, WT-RHL heptamers (1 mg
mL-1 in 10 mM Na phosphate, 10 mM CAPS, 10 mM
Tris.HCl, 150 mM NaCl, containing 0.3% w/v SDS, at pH
8.0) were diluted to 100 µg mL-1 into the same buffer, which
had been adjusted to various pH values with 1.0 M NaOH
(from pH 8.0 to pH 13.0). The samples were incubated for
8 h and then loaded onto a 10% SDS-polyacrylamide gel,
after the addition of loading buffer without heating. The gel
was run at room temperature. WT-RHL heptamers main-
tained their quaternary structure at up to pH 12.5, but at pH
13.0 the heptamers were converted to monomers (Figure 2a),
in approximately one minute (data not shown). It is important
to note that under these conditions (0.3% SDS w/v and 150
mM NaCl) RHL may be less stable than in a DPhPC lipid
bilayer, as breakdown of the heptamer was not observed in
the latter case as judged by current recording. In a related
case, heptamers in SDS solution broke down at ∼65 °C,
while they were stable in DPhPC bilayers at temperatures
close to 100 °C.14

The effect of pH on the structure of WT RHL was
investigated by fluorescence spectroscopy (Figures 2b, S2a,
Supporting Information). In proteins containing tryptophan,
the fluorescence emission maximum (λmax

em) with excitation
at 280 to 295 nm, ranges from 308 to 355 nm19 depending
on the environment of the tryptophan residues, with nonpolar
environments having the most blue-shifted emission. The
unfolding of a protein leads to a red shift in the emission to
a λmax

em value in the range 345 to 355 nm as buried
tryptophans become more exposed to solvent.20,21 All eight
tryptophans in the RHL pore are in the cap domain of the
protein; four are almost entirely buried within the hydro-
phobic core of the protein (Trp-80, Trp-167, Trp-265 and
Trp-286), while the remaining four are at least partly solvent
exposed (Trp-179, Trp-187, Trp-260 and Trp-274).22 The pH
dependence of the λmax

em of RHL heptamers (100 µg mL-1

in 10 mM Na phosphate, 10 mM CAPS, 10 mM Tris.HCl,
150 mM NaCl, containing 0.3% w/v SDS) indicates that,
up to pH 11.5, the cap domain most likely has a native-like
conformation, while at pH 12.0 it has started to unfold
(Figure 2b, S2a, Supporting Information). At pH 13.0, the
fluorescence emission of the protein (λmax

em ) 354 nm) is
similar to that of N-acetyltryptophanamide in solution (λmax

em

) 358 nm), indicating that, unless the fluorescence emission

Figure 1. RHL nanopores at neutral and alkaline pH. (a) Sections
through the heptameric pores formed by WT RHL (PDB: 7AHL),
with Lys residues protonated (left) and deprotonated (right),
rendered using PyMOL (v1.0, DeLano Scientific). Negatively
charged amino acids are colored red, and positively charged amino
acids blue. (b) Dependence of the current rectification (the
conductance at +100 mV divided by the conductance at -100 mV)
on the pH of the solution for a single WT-RHL pore reconstituted
in a planar lipid bilayer. The red line is a sigmoidal fit to a typical
data set. The mean midpoint was pH 10.7 ( 0.1 (n ) 4 data sets).
The black dashed line indicates the pH above which no ssDNA
translocation is observed for WT RHL in 1.0 M KCl and at +120
mV (Figure S4, Supporting Information). The gray dashed line
indicates the pH above which the insertion of WT-RHL heptamers
(∼1 µg mL-1) is no longer observed. The buffer used was 10 mM
Tris.HCl, 10 mM CAPS, 15 mM K phosphate, 1.0 M KCl, 100
µM EDTA. The pH was adjusted to the desired values by adding
small portions of 2.0 M KOH to the chambers.
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of the buried tryptophan residues is completely quenched
by nearby residues, all the tryptophans of heptameric RHL
are exposed to the solvent. The pH dependence of λmax

em of
RHL heptamers were fitted to a sigmoidal function with an
inflection point at pH 11.9 ( 0.1 (Figure 2b).

Circular dichroism (CD) is used to investigate the second-
ary structure of proteins.23 In RHL, the mass of the cap
domain is far greater than that of the stem; therefore, the
CD signal is dominated, like the fluorescence emission, by
the structure of the cap. In excellent agreement with the
fluorescence data, the pH dependence of the CD signal
measured at 215 nm was well fitted by a sigmoidal function
with a midpoint at pH 12.0 ( 0.1 (Figures 2c). The CD
spectra show that the secondary structure of RHL heptamers

is stable at up to pH 11.5 (Figure S2b, Supporting Informa-
tion). At pH 12.0 and above, the � structure is lost.
Interestingly, the insertion of RHL heptamers into lipid
bilayers was greatly reduced above pH ∼11.7. Therefore,
together, the fluorescence and CD data suggest that the
correct folding of the cap is important for the insertion of
heptamers.

ssDNA Translocation. At pH 8.0, at positive applied
potentials (V > +60 mV)3, and at ionic strengths above 0.25
M,24 the addition of ssDNA to the cis side of a WT-RHL
pore (or the trans side if the applied potential is reversed)
causes blockades (low-amplitude events), in which the ionic
current is reduced to a fractional residual current, IR, of zero
to 0.15, arising from the translocation of DNA molecules
through the pore.3 Not all of the DNA-induced current
blockades result from DNA translocation. In the case of the
WT pore, for example, a third of the blockades include levels
corresponding to IR ≈ 0.5. These “mid-amplitude” current
levels most likely reflect the transient occupancy of the
vestibule by the DNA.25,26

In the present work, we found that the translocation of a
92-mer ssDNA (see Supporting Information for DNA se-
quences) is pH dependent. In 1.0 M KCl and at +120 mV,
the frequency of ssDNA translocation through the WT-RHL
pore decreased with pH and it was abolished at pH >10.7
(Figure S4, Supporting Information). This result did not
depend on the applied potential (+120, +150, and +200
mV), nor on the salt concentration (1.0, 2.0, and 3.0 M KCl).
Although there was a small reduction in the open pore current
at alkaline pH at +120 mV, the striking reduction in the
frequency of translocation events was not directly associated
with this as the higher voltages (+150 and +200 mV)
elevated the current to well above the level at pH 8.0 (and
+120 mV) and translocation was still not observed under
alkaline conditions.

Several lines of evidence suggest that the frequency of
ssDNA translocation events and the pH dependence of the
ionic current passing through the RHL pore both depend on
the protonation state of lysine residues in the lumen of the
pore. First, we have shown here that the structure of the RHL
pore is stable at up to pH 11.5, suggesting that the
translocation frequency and the current asymmetry of WT-
RHL pores as a function of pH are not related to the
unfolding of the cap. Instead, several lines of evidence
suggest that the charge distribution within the lumen
modulates ionic flow through the RHL pore. Specifically,
comparison of the pH dependence of the current asymmetry
of the WT pore with that of E111N/K147N suggests that
the asymmetry in the WT pore depends on the protonation
state of the lysine side chains at position 147 at the
constriction (see Supporting Information). In addition, a
previous study showed that ssDNA translocation depends
on the charge distribution within the lumen of the RHL pore,
which can be altered by site-directed mutagenesis. At pH
8.0 and in 1.0 M KCl, the neutralization of a residue at the
cis entrance and a net negative charge at the constriction, in
the mutant M113D-RL2, abolished DNA translocation.26 The
pH dependence of ssDNA translocation in WT pores is,

Figure 2. Effect of alkaline pH on the structure of WT-RHL
heptamers. (a) SDS-polyacrylamide gel electrophoresis (10%, Bis-
Tris gel) of WT-RHL heptamers (100 µg mL-1) preincubated for
8 h at pH 8.0 (lane 1), pH 8.5 (lane 2), pH 9.0 (lane 3), pH 9.5
(lane 4), pH 10.0 (lane 5) pH 10.5 (lane 6), pH 11.0 (lane 7), pH
11.5 (lane 8), pH 12.0 (lane 9), pH 12.5 (lane 10) and pH 13.0
(lane 11). The positions to which heptameric and monomeric RHL
migrate are marked. (b) pH dependence of the tryptophan fluores-
cence emission maximum (λmax

em, excitation at 280 nm) of WT-
RHL heptamers (100 µg mL-1). (c) pH dependence of the CD signal
at 215 nm for WT-RHL heptamers (100 µg mL-1). In (b) and (c),
the dashed line indicates the pH value above which the insertion
of RHL heptamers into a planar lipid bilayer could no longer be
observed. The buffer used was 10 mM Tris.HCl, 10 mM CAPS,
10 mM Na phosphate, 150 mM NaCl, containing 0.3% w/v SDS.
Experiments were performed at 20 °C.

Nano Lett., Vol. 9, No. 11, 2009 3833



therefore, most likely due to the deprotonation of lysine
residues, especially Lys-8 and Lys-147.

To induce the translocation of DNA at high pH, we
therefore introduced an arginine at the constriction site
(M113R), which would remain protonated at high pH, and
we increased the ionic strength to 3.0 M KCl to screen the
negatively charged residues within the lumen of the pore.
The Arg-113 residues are too close to the translocating DNA
to be screened effectively. Under these conditions the
addition of 2 µM ssDNA into the cis chamber at pH 11.7
produced frequent current blockades attributable to DNA
translocation (Figure 3). No translocation events were
observed with WT-RHL pores in 3.0 M KCl.

DNA translocation through M113R pores at alkaline pH
values (Figure 3) is similar to DNA translocation at pH 8.0
through WT pores. Notably, we observed vestibule events
(midamplitude current levels, Figure 3a) suggesting that the
cap domain of RHL is intact at pH 11.7. Interestingly, the
low-amplitude events, which are due to DNA translocation,
are divided in two groups with slightly different fractional
residual currents (IR ) 0.04 and 0.02, respectively) and dwell
times (0.13 ( 0.01 ms and 0.26 ( 0.02 ms, respectively)
(Figure 3c). These two current levels are not observed at
pH 8.0 in 1.0 M KCl26 or at pH 7.6 in 3.0 M KCl (Figure
3d), and they might involve the translocation of DNA through
the M113R RHL pore led by the 3′ end for one level and
the 5′ end for the other. In the WT pore, at pH 8.5, 3′
translocation and 5′ translocation of poly(dA) have been
associated with different residual currents and different
probabilities of remaining in the pore at zero applied po-
tential.27-29

dsDNA Translocation. The denaturation (strand separa-
tion) of dsDNA is routinely accomplished by using alkaline
pH.15-17 Therefore, if dsDNA were denatured under the high

pH conditions at which ssDNA is translocated by the
M113R-RHL pore, these conditions could be used to
investigate the properties of DNA strands with dsDNA as
the analyte. Short dsDNA molecules were prepared by
annealing complementary synthetic ssDNA molecules. Un-
hybridized ssDNA was digested by E. coli exonuclease I.
Three different dsDNA strands were tested with GC contents
ranging from 33 to 50% (see Supporting Information). At
pH 7.6 in 3.0 M KCl, the addition of a 60-mer dsDNA
(1 µM) into the cis chamber at +150 mV, produced a mixture
of very long and shorter blockades of WT pores (Figure 4a).
The very long current blockades (>10 s) showed fractional
residual currents IR ) 0.25 and in most cases the applied
potential had to be reversed to restore the open pore current
(vertical arrows in Figure 4a). The shorter current blockades
comprised a wide variety of dwell times, ranging from a few
milliseconds to a few seconds and residual currents of IR )
0.05 to 0.4. While these events were varied in character, in
many instances, the blockades were the combination of a
long midamplitude event followed by a short low-amplitude
event with a residual current between IR ) 0.05 and 0.15
(Figure 4b). One likely interpretation of these latter current
blockades is that dsDNA frequents the vestibule of the pore
(midamplitude event), where the electrical potential promotes
duplex unzipping and then translocation (low-amplitude
event). The unzipping of duplexes (50 nt) has been observed
for DNA hairpins with ssDNA overhangs. In accord with
our observations, the blockade durations varied from a few
milliseconds to a few seconds.30 The translocation of blunt-
ended DNA hairpins is also preceded by a long current
blockade, which likely corresponds to the presence of the
double-stranded stem in the vestibule of the pore before
opening of the duplex and translocation.31 The residual
current level during these events depended on the length of

Figure 3. DNA blockades of M113R-RHL pores at pH 11.7 and pH 7.6. (a) and (b) Selected traces showing DNA blockades at pH 11.7
and 7.6, respectively. (c) and (d) DNA-induced current blockades displayed as the fraction of the open pore current versus the duration of
the current blockade for 1000 events at pH 11.7 and 7.6, respectively. (Insets) Density distribution of the current blockades shorter than 1
ms. The concentration of ssDNA was 2.0 µM and the buffer was 10 mM Tris.HCl, 10 mM CAPS, 15 mM K phosphate, 1.0 M KCl and
100 µM EDTA.
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the stem of the hairpin and for the largest, 8-base stem it
was IR ) 0.35. By contrast, the very long current blockades
found in the present work (IR ) 0.25) may represent dsDNA
molecules that enter the vestibule and partially plug the
constriction, but fail to translocate through the pore.

The addition of dsDNA to M113R-RHL pores in 3.0 M
KCl at pH 7.6 did not provoke the very long blockades
observed with the WT pores under the same conditions, and
reversal of the applied potential was not required to restore
the open pore current (Figure 4c,d). The current blockades

seen in this case were, like the shorter events seen with the
WT pore, spread over a wide range of dwell times. However,
no midamplitude events were observed and the IR value
during the current blockades was close to zero. Under the
same conditions, ssDNA translocation events have an IR

value of 0.04 and the current blockades are described well
by a Gaussian distribution with an exponential tail (not
shown), which is expected for short ssDNA molecules.32 A
possible explanation of the current blockades of the M113R-
RHL pores caused by dsDNA at pH 7.6 is that once in the
vestibule the dsDNA interacts with the seven-arginine ring
of M113R, which in turn drives the unzipping of the DNA
duplex and the translocation of one of the two strands. This
interpretation is in keeping with the finding that the mean
dwell time decreases with increased positive applied poten-
tials30 (data not shown). The presence of the complementary
strand of DNA in the vestibule of the pore during translo-
cation of the other strand could explain the lower residual
current by comparison with the translocation of ssDNA
molecules.

The addition of dsDNA molecules to the cis chamber at
pH values higher than 11.7 produced short current blockades
of the M113R-RHL pore provided that 3.0 M KCl was
present (Figure 4e,f). The blockades were similar to those
observed at pH 7.6 with ssDNA (IR and τ values), except
that they were not resolved into two distinct peaks as seen
with the oligonucleotide used in the ssDNA experiments
(Figure 3c) These observations suggest that, at pH 11.7,
dsDNA is denatured to form ssDNA,15-17 which then enters
the pore and is translocated through the barrel. The alkaline
denaturation of dsDNA under these conditions was confirmed
by measuring the pH dependence of the absorbance of the
DNA at 260 nm (Figure S5, Supporting Information).16

Conclusions. Several studies suggest that single-molecule
nanopore sequencing might provide a cheap and fast technol-
ogy for DNA sequencing.5 Notably, a recent paper showed
that the four DNA bases in a heteropolymeric DNA strand
can be distinguished based on current amplitude when the
strand is immobilized within a pore.6 There are however
several problems that must be solved before sequencing can
be achieved with nanopores. The speed at which DNA passes
through a pore under an applied potential is too rapid to
resolve the different current levels. This difficulty might be
overcome by using an enzyme to ratchet ssDNA into the
pore. For example, exonuclease I might be attached at the
cis entrance of the protein and ssDNA generated on the trans
side under alkaline conditions. ssDNA entering the pore with
the 3′ end first would be captured by the nuclease and then
pulled slowly through the pore as bases are sequentially
removed by the enzyme. Nonenzymatic nanopore sequencing
might be possible if modification of the lumen of the pore
can slow the translocation rate of ssDNA sufficiently. Since,
the manipulation of long single-stranded nucleic acids with
secondary structure is not trivial, the use of alkaline pH to
denature dsDNA would again be useful under these circum-
stances. We have shown in this work that RHL nanopores
remain functional in the alkaline conditions required to
denature dsDNA. Under these conditions, the RHL pore is

Figure 4. Interaction of dsDNA with WT and M113R-RHL pores.
(a) Current blockades observed after the addition of dsDNA (1.0
µM) to the cis side of a WT pore at pH 7.6. The very long current
blockades most likely do not correspond to DNA translocation
events (see the text). The occluded pore was reopened by ramping
the potential to negative and then positive potentials (vertical
arrows). (b) Selection of shorter current blockades caused by the
interaction of dsDNA with WT nanopores at pH 7.6. (c) Current
blockades observed after the addition of dsDNA (1.0 µM) to M113R
pores at pH 7.6. The relatively long current blockades (but shorter
than the very long events seen with WT-RHL) suggest that M113R
promotes the unzipping of duplexes. ssDNA then traverses the pore
(see the text). (d) Fractional residual current (IR) versus dwell time
of the current blockades for the interaction of dsDNA with M113R
nanopores at pH 7.6. (e) dsDNA-induced blockades through M113R
pores at pH 11.7. The very short current blockades represent direct
translocation of ssDNA after denaturation of the dsDNA (2.0 µM)
at the alkaline pH of the solution (Figure S5, Supporting Informa-
tion). (f) Fractional residual current (IR) versus dwell time of the
current blockades for the interaction of (dissociated) dsDNA with
M113R nanopores at pH 11.7. The buffer was 10 mM Tris.HCl,
10 mM CAPS, 15 mM K phosphate, 1.0 M KCl, 100 µM EDTA,
pH 7.6. The pH in panels e and f was adjusted to 11.7 by adding
small aliquots of 1.0 M KOH directly to the cis and trans chambers
with a pore in the bilayer.
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stable and most likely maintains a folded structure. At
alkaline pH, DNA translocation is made possible by using
high salt and by using an RHL mutant with additional
positive internal charge.
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